ABSTRACT BACKGROUND: Severe thermal trauma covering more than 30% of the total body surface area (TBSA) triggers a sustained pathophysiological response, which includes, but is not limited to, hypermetabolism, chronic inflammation, and severe skeletal muscle wasting. Long non-coding RNAs (lncRNAs) are an important class of pervasive genes involved in a variety of biological functions. However, the functions of lncRNAs in the regulation of responses of skeletal muscle wasting after severe burn have remained untested.
Severe burn injuries lead to a prolonged hypercatabolic state resulting in dramatic loss of skeletal muscle mass. [5] As skeletal muscle accounts for over 50% of the dry weight of the body's cells, its catabolism exerts a profound effect on the body's metabolism as a whole. [6] The primary mechanisms underlying skeletal muscle wasting induced by severe burn include activation of ubiquitin-proteasome pathway, [7, 8] myonuclear apoptosis, [9] mitochondrial dysfunction, [10] autophagy, [11] signaling pathways driving muscle inflammation, and protein metabolism. [5] Although the mechanisms of skeletal muscle wasting following severe burn are becoming increasingly clear, the mechanisms of transcriptional and/or post-transcriptional gene regulation remain unknown.
Long non-coding RNAs (lncRNAs) have gained widespread attention in recent years as a potentially new and crucial layer of biological regulation. [12] LncRNAs have been implicated
INTRODUCTION
Injuries represent one of the most important public health problems in economically developing and developed countries. Of the major types of injuries, burns contribute to more than 1% of the global burden of disease. [1] [2] [3] Burn injury is a primary cause of disability and mortality, with severe economic and social consequences. It can also lead to pain, as well as somatic and psychological complications. [1] Severe thermal trauma covering more than 30% of total body surface area (TBSA) triggers a sustained pathophysiological response, which includes, in a wide range of developmental processes and diseases. [13] LncRNAs have emerged as key components of the address code, allowing protein complexes, genes, and chromosomes to be trafficked to appropriate locations, and subjected to proper activation and deactivation. LncRNA-based mechanisms control the fate of cells during development, and their dysregulation underlies some human disorders caused by chromosomal deletions and translocations. [14, 15] LncRNAs are generally longer than 200 nucleotides. Recent studies have shown that lncRNAs may act as important cis-or trans-regulators in various biological processes. [16] Mutations in lncRNAs are associated with a wide range of diseases, including stress, and particularly cancers and neurodegenerative diseases. [17] However, the profiles of burn-related lncRNAs have yet to be documented. Recent studies have shown that transcription of the mammalian genome is not only pervasive, but also enormously complex. It is estimated that an average of 10 transcription units, the vast majority of which make lncRNAs, may overlap with each traditional coding gene. These lncRNAs include antisense, and intronic and intergenic transcripts, as well as pseudogenes and retrotransposons. [18] Presently examined are the expression profiles of lncRNAs and mRNAs in skeletal muscle tissues of 3 pairs of burned rats at the end of the shock phase, compared with sham rats, using microarray. Differentially expressed lncRNAs were then selected for target prediction with bioinformatics analyses. To improve the accuracy of target prediction, differentially expressed mRNAs were combined with target prediction of differentially expressed lncRNAs. The predicted target genes from the above analyses were subjected to bioinformatics analyses, [19] including gene ontology analysis, pathway analysis, and network analysis. Analyzing potential molecular markers and the possible relationship between differentially expressed lncRNAs and protein-coding genes in skeletal muscles at the early flow phase in burned rats will provide further insights into the pathogenesis of skeletal muscle wasting in thermal trauma.
MATERIALS AND METHODS

Sample Preparation
The present study was approved by the Committee of Science and Technology of the First Affiliated Hospital of PLA General Hospital, in accordance with the protocol outlined in the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996).
Six adult male Wistar rats weighing 200-220 g each were purchased from the Chinese Medical Scientific Institute (Beijing, China). Rats were kept in controlled standard housing conditions with free access to standard laboratory food and water for a 7-day adaptation period before being randomly assigned to groups.
After fur was clipped, a full thickness thermal injury of 30% of TBSA was inflicted by immersing the back of the trunk in 94°C water for 12 seconds. A weight-and time-matched sham-burn group (n=3) was treated in the same manner as the trauma group (n=3), with the exception of the immersion of the sham-burn animals in room temperature water. During the post-burn period and following immersion, all rats were immediately dried, administered fluid (40 ml/kg of Ringer's lactate solution, calculated by the Parkland formula), and housed in individual cages with free access to food and water. [9] On the third day following burn or sham injury, the animals were euthanized. Tibialis anterior muscles were harvested and stored at -80°C for RNA extraction.
LncRNA and mRNA Microarray
Rat lncRNA array was designed for profiling lncRNA and protein-coding genes. Approximately 9,000 lncRNAs were selected from the NCBI Reference Sequence Database: all UCSC mRNA records and orthologs of rat lncRNAs. While probes for coding genes were printed once, probes for lncRNAs were printed 3 times. Probes for housekeeping genes and negative probes were printed multiple times to ensure hybridization quality.
RNA Labeling and Array Hybridization
Sample labeling and array hybridization were performed according to Agilent One-Color Microarray-Based Gene Expression Analysis Protocol (Agilent Technologies, Inc., Santa Clara, CA, USA). Briefly, total RNA from each sample was linearly amplified and labeled with Cy3-UTP. Labeled cRNAs were purified using the RNeasy Mini Kit (Qiagen, Inc., Hilden, Germany). Concentration and specific activity of labeled cRNAs (pmol Cy3/μg cRNA) were measured using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). One μg of each labeled cRNA was fragmented by adding 11 μl of 10×blocking agent and 2.2 μl of 25×fragmentation buffer. The mixture was then heated at 60°C for 30 min, and finally, 55 μl of 2×GE hybridization buffer was added to dilute the labeled cRNA. A total of 100 μl of hybridization solution was dispensed into the gasket slide and assembled onto the gene expression microarray slide. The slides were incubated at 65°C for 17 hours in an Agilent hybridization oven (Agilent Technologies, Inc., Santa Clara, CA, USA). The hybridized arrays were washed, fixed, and scanned using an Agilent DNA microarray scanner (part no. G2505C; Agilent Technologies, Inc., Santa Clara, CA, USA).
Data Analysis
Agilent Feature Extraction software (version 11.0.1.1; Agilent Technologies, Inc., Santa Clara, CA, USA) was used to analyze the acquired array images. Quantile normalization and subsequent data processing were performed using GeneSpring GX version 12.0 software package (Agilent Technologies, Inc., Santa Clara, CA, USA). Following quantile normalization of the raw data, lncRNAs and mRNAs for which at least 3 out of 6 samples had flags in "Present" or "Marginal" ("All Targets Value") were chosen for further data analysis.
Differentially expressed lncRNAs and mRNAs with statistical significance were identified using volcano plot filtering. Hierarchical clustering was performed using GeneSpring GX software (version 12.0; Agilent Technologies, Inc., Santa Clara, CA, USA).
Construction of the Coding-Non-Coding Gene Co-Expression Network
To show that the lncRNAs directly regulated the expression of target mRNAs, lncRNA target predictions were superimposed onto the lncRNA-mRNA correlation network. The resulting network was defined as an lncRNA-mRNA regulatory network. A direct connection was placed from an lncRNA to an mRNA using either a blue line (trans-interaction) or a red line (cis-interaction).
Statistical Analysis
Results were expressed as mean±SD. Statistical analysis was performed using Student's t-test for comparison of 2 groups in the microarray, and analysis of variance was used for multiple comparisons. In both cases, differences with p<0.05 were considered to be statistically significant. Statistical significance of microarray results was analyzed by fold change and Student's t-test. False discovery rate was calculated in order to correct p values. The threshold value used to screen differentially expressed lncRNAs and mRNAs was a fold change ≥1.5 (p<0.05). 
RESULTS
Overview of Expression Profiles of lncRNAs
From the lncRNA expression profiles, differentially expressed lncRNAs were found from among samples of skeletal muscles obtained from thermal rats (thermal group) and sham-burn rats (control group). Expression profiles of lncRNAs in paired samples were shown by calculating logfold change of the thermal group/the control group (T/C). Agreement was formulated as follows: fold change cut-off was 1.5, and for any fold change, positive value indicated upregulation, while negative value indicated downregulation. Log-fold change signified log2 value of absolute fold change. Fold change and p values were calculated from the normalized expression.
LncRNA expression levels were compared among the 3 injured tissues and their matched normal tissues from the microarray data, and an average of 117 long lncRNAs that were significantly differentially expressed (1.5-fold) were identified.
Results demonstrated that a very large number of lncRNAs could be examined in normal and injured tissues, while only 117 of these were significantly upregulated (Table 1) or  downregulated (Table 2) , and could be used to discriminate skeletal muscles of burned rats from matched normal tissues. Compared to the normal tissues, MRAK080917 (log2 fold change T/C=6.777752082) was most significantly downregulated, while BC168236 (log2 fold change T/C=2.592948166) was most significantly upregulated. It was determined that downregulated lncRNAs were more common than those that were upregulated.
Overview of mRNA Profiles
Results demonstrated that tens of thousands of mRNAs could be examined in normal and injured tissues, but that only 202 mRNAs were significantly upregulated or downregulated. An average of 92 mRNAs were upregulated in the injured tissues (Table 3 ), compared to the matched normal ones, while an average of 110 mRNAs were downregulated (Table 4) . 
Construction of the Coding-Non-Coding Gene Co-Expression Network
A coding-non-coding gene co-expression network (CNC network) was constructed based on correlation analysis of the differentially expressed lncRNAs and mRNAs (Figure 1 ). LncRNAs and mRNAs with Pearson's correlation coefficients not less than 0.99 were selected to draw the network, using the Cytoscape program (Institute of Systems Biology, Seattle, Table S9 could implicate the inter-regulation of lncRNAs and mRNAs in burned rats.
DISCUSSION
Skeletal muscle wasting is an exacerbating factor in the prognosis of critically ill patients, including those with severe burn injury. [11] Molecular treatment mechanisms of skeletal muscle wasting in burn injuries have been extensively studied. However, the pathogenesis and gene regulation involved are still unknown.
Increasing evidence has confirmed lncRNAs to be one of the most important factors controlling gene expression. [20] Therefore, the lncRNA expression profile in the skeletal muscle tissue of burned rats was presently evaluated in an attempt to reveal the potential role of lncRNAs in the pathogenesis of skeletal muscle wasting in burn injury (Tables  1, 2) . Microarray analyses revealed a set of differentially expressed lncRNAs, with 64 upregulated and 53 downregulated lncRNAs in skeletal muscles of burned rats, when compared to normal tissue.
Recent studies have demonstrated that lncRNAs can guide changes in gene expression in either the cis (neighboring genes) or trans (distantly located genes) manner, which is not easily predicted, based on lncRNA sequence. [21] In principle, lncRNAs can guide chromatin change in cis in a cotranscriptional manner (tethered by RNA polymerase) or as a complementary target for small regulatory RNAs. Guidance in trans can occur by an lncRNA binding to target DNA as an RNA:DNA heteroduplex, RNA:DNA:DNA triplex, or by RNA recognition of a complex surface of specific chromatin features. [22] The established role of lncRNAs in diseases creates an urgency to understand the mechanisms by which these RNAs seek their targets. A simplistic model in which the RNA remains tethered to the site of origin to regulate transcriptional changes in cis has been suggested. Perhaps the most intensely studied and best understood cis mechanism of regulation by lncRNA is the mammalian X inactivation center, a genetic locus that specifies a number of lncRNAs, including X-inactivation-specific transcript, or XIST. [21] Target genes under cis mechanism of regulation by lncRNAs were predicted via genome browser and annotation tool.
Further investigation of the lncRNA-gene network in an effort to gain insight into the functions of lncRNA targets demonstrated that MRAK080917 was predicted to target the Zbtb16 genes of the glioma pathway, which could affect total body weight, adiposity, lipid profile, insulin sensitivity of skeletal muscles, and mitochondrial function in skeletal muscles. [23, 24] Uc.414+ was predicted to target THRA and Nr1d1. THRA is downregulated in skeletal muscle of patients with non-thyroidal illness syndrome secondary to non-septic shock, [25] while Nr1d1 could modulate skeletal muscle oxidative capacity by regulating mitochondrial biogenesis and autophagy. [26] MRBC025014 was predicted to target Sucla2, which is involved in mitochondrial disorder and progressive dystonia. [27, 28] 
Conclusions
In conclusion, lncRNAs differentially expressed in skeletal muscles of burned rats, compared to normal tissues, were identified in the present study. Regulatory pathways of lncRNAs may be involved in the pathogenesis of skeletal muscle wasting. Moreover, MRAK080917, uc.414+, and MRBC025014 could be critical in skeletal muscle wasting, via their targets, but these findings need to be confirmed, and the underlying mechanisms require further study. The present results also point to several exciting directions for future research. The CNC network presented in Table S9 implicated the inter-regulation of lncRNAs and mRNAs in burned rats. Each potential lncRNA-mRNA pair identified is a strong candidate for a future study that can definitively confirm the presence of specific lncRNA-mRNA interactions, [29] thus providing a more detailed picture of the pathogenesis of skeletal muscle wasting in burned rats.
